An important goal of systems biology is the identification and investigation of known and predicted proteinprotein interactions to obtain more information about new cellular pathways and processes. Proteins interact via domains, thus it is important to know which domains a protein contains and which domains interact with each other. Here we present the Java TM program ProDGe (Protein Domain Gene), which visualizes existing and suggests novel domain-domain interactions and protein-protein interactions at the domain level. The comprehensive dataset behind ProDGe consists of protein, domain and interaction information for both layers, collected and combined appropriately from UniProt, Pfam, DOMINE and IntAct. Based on known domain interactions, ProDGe suggests novel protein interactions and assigns them to four confidence classes, depending on the reliability of the underlying domain interaction. Furthermore, ProDGe is able to identify potential homologous interaction partners in other species, which is particularly helpful when investigating poorly annotated species. We further evaluated and compared experimentally identified protein interactions from IntAct with domain interactions from DOMINE for six species and noticed that 31.13% of all IntAct protein interactions in all six species can be mapped to the actual interacting domains. ProDGe and a comprehensive documentation are freely available at
Introduction
Proteins are macromolecules that fulfill several important cell functions, such as enzymatic cataly-sis or transmission of information. Many of those tasks require the interplay of two or more proteins, which is called a protein-protein interaction. Protein-protein interactions occur in a wide range of contexts and play a central role in biological systems [10, 5, 9] . A protein-protein interaction is established by protein domains, which are encoded in protein sequences and form individual and independent structures. These domains and the resulting protein interactions are highly regulated and evolutionary conserved [12, 3] . One major topic of systems biology is the investigation and identification of known and predicted protein-protein interactions to reveal new cellular pathways, disturbed cell processes or even create complete interactomes of organisms [1, 5] . Especially the construction and comparison of protein interaction networks of different diseases can improve the understanding of the disease cause and can help to determine new drug targets [13] . A multitude of online databases, containing predicted or experimentally validated data, are available for the detailed investigation of proteins and their interaction partners. For instance, the UniProt database contains well curated protein information and cross-references to other databases [4] . The Pfam database provides domain and proteindomain information [7] , and the DOMINE database combines and presents known and predicted domain-domain interactions by integrating both, experimental and predicted protein interaction data [14] . Here, we present the application ProDGe, which stands for Protein Domain Gene. ProDGe integrates protein, domain, gene, domain-domain interaction, and protein-protein interaction databases in one application. These interacting layers are presented in a neatly arranged view, so that users obtain an overview of a particular protein or domain and its interaction partners at the first glimpse. ProDGe bridges the gap between proteins, their domains, domain interactions and protein interactions. Especially the combination of domain interaction databases with protein-domain annotation databases reveals novel protein-protein interactions and helps researchers of not well annotated organisms to find homologous interaction partners in other organisms.
Results and Discussion

Data integration
ProDGe integrates the data of four well curated online databases: UniProt, IntAct, Pfam and DOMINE. Protein sequences, identifiers, gene names and many other protein related information for millions of proteins are obtained from the UniProt knowledge database [4] . Experimentally validated protein interactions are collected by parsing the integrated IntAct database [2] . IntAct currently contains more than 250,000 binary interactions coming from curated literature mining or user submissions. Mapping all these data to the domain layer is done by taking protein and domain annotations from the Pfam database [7] . The Pfam database (release 25, March 2011) contains 12,273 protein families with mappings from proteins to domains and further domain information. We collect these domain information and map the data on the protein information from IntAct and UniProt. Thus, ProDGe can exactly mark and describe the domains in an amino acid sequence and can explain the IntAct protein interactions in more detail by displaying the actual interacting domains. To complete the domain layer, the Pfam data is extended with 26,219 domain interactions from the DOMINE database (v2.0, September 2010) [14] . DOMINE integrates domain interactions from 15 different sources that range from experimentally inferred domain interactions to predicted interactions. Each domain interaction is assigned one of four confidence classes: (i) experimentally validated, (ii) high prediction confidence, (iii) medium prediction confidence or (iv) low prediction confidence. This classification scheme is also used by ProDGe to characterize both, the domain and the protein interactions. The combination of the selected databases results in a comprehensive, high quality dataset for protein, domain, protein interaction, and domain interaction information. All datasets have been combined and stored in a MySQL database at our institution to maximize the performance and minimize memory requirements of the application. The combined database is updated whenever one of the integrated databases is updated.
Novel protein interactions
ProDGe suggests for each protein, containing one or more domains, a variety of new protein interactions. These suggestions are based on the idea that most domains and domain interactions are evolutionary conserved, and consequently, proteins will interact if they contain domains that are known to associate [12, 3] . Thus, the suggestion of novel protein interactions is performed by looking at all domains of a protein, using the Pfam database. The integrated DOMINE database is subsequently queried for interacting domains and their domain interaction partners. Mapping these interacting target domains back to a list of proteins that contain them results in a list of potential protein interaction partners. These potential protein interactions are finally assigned to the same interaction confidence class as the domain interaction. That means, if the domain interaction is experimentally validated, predicted with high, medium or low interaction confidence, then the predicted protein interaction belongs to the same class. If there are more domain interactions describing a protein interaction with different interaction classes, the best interaction class is assigned to the protein interaction. ProDGe supports a multitude of different species. By default, only interactions occurring in the same species are considered. However, this restriction can be lifted to reveal homologous protein interactions in related species. This helps to deduce unknown protein interactions in poorly annotated species, based on interacting proteins of other species that contain the same domains, and helps to complete missing links when findings from one species should be transferred to another. Since ProDGe combines both, protein and interaction data from IntAct and DOMINE [2, 14] , we compared the overlap between these sources for six species: (i)Homo sapiens, (ii)Mus musculus, (iii) Rattus norvegicus, (iv) Saccharomyces cerevisiae, (v) Caenorhabditis elegans, and (vi) Drosophila melanogaster. The evaluation for each species has been performed in the following way:
Step 1: Mapping IntAct interactions on domains First, all experimentally validated IntAct protein interactions are separated into interactions with and without domain information, and those with domain information that have been mapped to the domains, using the integrated Pfam database.
Step 2: Comparing with DOMINE interactions
In a second step, we searched matching domain interactions in the DOMINE dataset. Hereby, a protein interaction could possibly be explained by several domain interactions.
In that case, the domain interactions with the highest confidence class is chosen to explain the protein interaction.
The results are shown in interaction for a protein whose existence is not even proven can be measured experimentally.
The application
Usage
To provide direct access to information about proteins, domains and their interactions, ProDGe can handle UniProt identifiers, UniProt accession numbers, Pfam identifiers, Ensembl identifiers, and gene symbols. After entering one of theses identifiers, the corresponding protein or domain is depicted in an internal window. Now the following information is provided: (i) visualization of the protein as a rectangle with domains as circles, (ii) a list of the protein isoforms, (iii) the amino acid sequence of the protein, whereas the domain parts are colored differently, (iv) protein and/or domain information like description, cellular location and several identifiers, (v) predicted and experimentally validated domain interaction partners for a selected domain and the proteins containing the interacting domain, and (vi) experimentally validated protein interaction partners (see Figure 1 ). Furthermore, it is possible to export the visualized information in a PDF document and to obtain additional information of the genetic context of a protein from Ensembl [8] . ProDGe distin-guishes between known protein interactions, which are collected from the cross-references provided by the UniProt database and IntAct, and predicted protein interactions based on the combination of DOMINE and Pfam data (see section 2.2). For instance, if a domain has one interaction partner, which is experimentally validated, then ProDGe searches for other proteins containing the same domain and suggests a novel protein interaction. The combination of different interaction layers can identify currently unknown protein interactions, which play an important role in cellular processes. Furthermore, it is possible to look for interactions between different species, which is particularly helpful for the investigation of organisms whose protein interactions are rare or currently unknown.
Availability and requirements
ProDGe and a comprehensive documentation are freely available from http://www.cogsys.cs.unituebingen.de/software/ ProDGe. There are two possibilities to start ProDGe: running it directly as a Java TM webstart application or by downloading the application as ZIP archive. The ZIP file contains an executable JAR and scripts for various operating systems to start the JAR so that no further installation of any library other than the Java TM virtual machine is required. In any way, an active internet connection and a Java TM virtual machine (version 6 or later) are required.
Implementation
ProDGe is entirely written in Java TM and runs on all operating systems for which a Java TM virtual machine is available. For obtaining the latest protein information from UniProt on-the-fly, the WSDBfetch library from EMBL-EBI has been integrated into the application [11] . The integrated dataset has been stored in a MySQL database that is automatically queried by ProDGe. This database is updated regularly and located on a server of the chair for Cognitive Systems at the University of Tübingen.
Conclusion
We have integrated databases containing information about proteins (UniProt), domains (Pfam), protein interactions (IntAct), and domain interactions (DOMINE). These information help to obtain a complete picture of proteins and their interactions. Furthermore, the integrated dataset allows for suggesting novel protein interactions by taking domain interactions and mapping the corresponding domains back to proteins that contain these domains. This procedure can also be used to identify homologous interaction partners in other species and thus, is particularly useful for investigations of not well annotated species. The platformindependent tool ProDGe visualizes both, proteins and domains, with their experimentally validated and predicted interaction partners. ProDGe uses a simple interaction classification to carefully distinct between experimental and predicted interactions with different confidences and displays the source for each interaction. This classification scheme, paired with a careful layout of the application, guarantees an easy usage. The application is freely available and can be downloaded as stand-alone version or executed directly as Java TM webstart.
